INTRODUCTION
Prostate cancer (PCa) is the second leading cause of cancerrelated death in North American men. 1 Androgen-deprivation therapy has remained the standard first-line therapy for metastatic PCa for over 70 years, and newer treatments like abiraterone and enzalutamide continue to target the androgen receptor (AR) pathway. 2, 3 Although anti-androgen treatment causes initial tumor regression owing to apoptosis in androgen-sensitive tumor cells, most patients will suffer disease relapse and progress to castrate-resistant prostate cancer (CRPC) within 2-3 years of treatment initiation. 4, 5 CRPC progression is a complex process by which cells acquire the ability to survive and proliferate in the absence of androgens. The tumor develops mechanisms which reactivate the AR axis 6 via oncogenic pathways, in which tyrosine kinases have a crucial role. 7 For example, epidermal growth factor stimulation of PCa cells results in a rapid tyrosine phosphorylation of AR on Tyr 267 and Tyr 534 via the non-receptor tyrosine kinases, Ack1 and Src, which accelerates transcriptional activity of AR in androgen-deprived conditions. 8, 9 These findings revealed the important role of tyrosine phosphorylation in ligandindependent activation of AR and provided a new mechanism for activation of AR in the androgen-deprived environment.
The Lyn tyrosine kinase is a member of the src family of tyrosine kinases (SFKs), which regulate a variety of epithelial and hematopoietic cellular events, including cell differentiation, growth, proliferation, survival, cell adhesion and migration, as well as drug resistance. [10] [11] [12] Current literature suggests that Lyn may have an important role in prostate development and cancer progression. For example, Lyn is expressed in normal prostate epithelium in humans 13 and Lyn-deficient mice display compromised prostate gland development. 14, 15 In patients with PCa, increases in membrane-associated Lyn expression was associated with a shorter time to relapse and median time from diagnosis to hormone escape. 13 Moreover, targeting Lyn expression with antisense, or Lyn activity using inhibitory peptides, decreases proliferation and tumor volume in PCa DU145 cells. 16, 17 These data suggest that Lyn expression and activity are important for PCa progression, however the underlying molecular mechanisms by which Lyn affects the proliferation and survival of prostate cells or tumors is yet to be defined.
In this study, we demonstrated that Lyn kinase expression correlates with progression from primary PCa to CRPC in human tumors and its overexpression accelerates CRPC progression in PCa xenografts in vivo. In vitro, Lyn is expressed more highly in androgen-independent PCa cell lines, and Lyn overexpression and silencing experiments showed that Lyn stabilizes AR expression by maintaining ARs association with the molecular chaperone Hsp90 and enhances AR transcriptional activity. Our results suggest, therefore, that specific targeting of Lyn kinase expression presents a potential therapeutic strategy for disrupting AR signaling in the castrated environment and may prevent CRPC development.
RESULTS
Lyn expression is associated with progression to CRPC To elucidate the role of the Lyn tyrosine kinase in PCa progression to CRPC, immunohistochemistry analysis was performed using a human prostate tissue microarray. Lyn expression was analyzed in human specimens (normal prostate, primary tumors and CRPC) ( Figure 1a and Supplementary Table S1). We found that Lyn expression did not change between normal and primary tumor, tissue, whereas Src was upregulated in primary cancer compared with normal tissue (Supplementary Figure S1 and Supplementary Table S2 ). These data suggest that Lyn is not involved in initial transformation to primary adenocarcinoma of the prostate and are in accordance with previously published data on human specimens and work showing that Lyn overexpression does not impact PCa development or increase susceptibility to tumors in transgenic mice. 18 However, we did observe Lyn expression levels were on average twofold higher in CRPC specimens compared with primary hormone naive tumor specimens ( Figure 1a) . Next, we analyzed the expression of Lyn in three PCa cell lines routinely used in the field (LNCaP, C4-2 and PC-3), representing androgen-dependent and androgen-independent growth features, as well as positivity and negativity in terms of AR protein expression. We found that Lyn expression was lowest in AR-negative PC-3 cells compared with AR-positive LNCaP cells, and was expressed most highly in AR-positive, castrate-resistant C4-2 cells (Figure 1b, left) . In order to test whether increased Lyn expression occurs in response to androgen deprivation, LNCaP cells were cultured in charcoal striped serum (CSS). Our results show that Lyn expression is upregulated in androgendeprived conditions in a time-dependent manner, which is concordant with recently published data 19 ( Figure 1b , middle). Similar results were also observed in vivo using an LNCaP CRPC xenograft model. In this system, LNCaP PCa cells were grown subcutaneously in vivo in non-castrated male nude mice (androgen-dependent phase). After serum levels of prostate specific antigen (PSA) reached 50 ng/ml or above, mice were castrated and tumors regressed prior to regrowing in an androgen independent, or castration resistant, phase of disease. We found that Lyn expression was increased in CRPC LNCaP tumors compared with tumors that grew during the androgen-dependent phase of disease (Figure 1b, right) . These findings suggest that Lyn expression in PCa cells is regulated by androgen deprivation and correlates with progression to CRPC in vitro, in vivo, and in human specimens.
To determine whether Lyn expression may drive CRPC progression, LNCaP cells were stably transfected with Lyn (LNCaP Lyn ) or empty vector (LNCaP Mock ) and their capacity to modulate CRPC in vivo was tested. No difference was observed between growth of tumors harboring Lyn or empty vector before castration (Figure 2a ). After castration, however, we observed that mice bearing LNCaP Lyn tumors showed increase of tumor volume ( Figure 2b ) and a rapid increase of serum PSA (Figure 2c ) and PSA velocity ( Figure 2d) in the presence of the synthetic androgen R1881 by up to 40-fold ( Figure 3a ). This effect was also observed using two clones with different Lyn expression levels (Supplementary Figure S2) At the mRNA level, LNCaP Lyn cells expressed higher levels of PSA and FKBP51 after R1881 stimulation (Figure 3b) . Reciprocally, our results in LNCaP and C4-2 cells treated with Lyn siRNA showed that Lyn is required for increased AR transcriptional activity in the presence of R1881 (Figure 3c ) as well as expression of AR-dependent genes (Figure 3d ). Similar effect of Lyn knockdown on AR transcriptional activity using two clones with different Lyn shRNA sequence was also observed (Supplementary Figure S3) . Accordingly, we found that Lyn overexpression induced increase AR binding of AR to the promoter proximal region (ARE I) of PSA by fivefolds at basal level, which was enhanced by R1881 (Figure 3e , left), whereas Lyn knockdown completely abrogated R1881-induced AR binding (Figure 3e, right) . Taken together, these results indicate that Lyn is a potent inducer of AR transcriptional activity that is associated with progression to CRPC.
Lyn stabilizes AR expression at the protein level To initiate transcription of downstream genes, AR must translocate to the nucleus. Thus, to investigate the mechanism by which Lyn regulates AR transcriptional activity, we assessed if Lyn is required for AR expression or its nuclear translocation. Using immunofluorescence, we observed that Lyn knockdown by siRNA in both LNCaP and C4-2 cells decreased the intensity of AR staining compared with control in CSS conditions ( Figure 4a , top rows). Although Lyn knockdown did not prevent R1881-induced AR nuclear translocation, we noticed a similar reduction in AR staining intensity after R1881 treatment ( Figure 4a , bottom rows), suggesting that it is the effect of Lyn knockdown on AR expression rather than nuclear translocation that leads to decreased transcriptional activity observed in these cells (Figures 3c and d) . Indeed, our results support this hypothesis, as we found that Lyn siRNA induced a profound decrease of AR and PSA as well as Lyn in a dose-dependent manner ( Figure 4b ) and this was also observed using different sequence of Lyn siRNA (Supplementary Lyn prevents proteasomeal degradation of the AR The requirement for Lyn in maintaining AR expression using siRNA knockdown of Lyn was observed at the protein (Figure 5a , left) but not mRNA levels in LNCaP and C4-2 cells (Figure 5a, right) . Therefore, we investigated the effects of Lyn knockdown and overexpression on AR protein stability over time using cycloheximide-treated LNCaP cells. As shown in Figure 5b (left), AR protein levels decreased significantly in Lyn siRNA treated cells after 2 h compared with control, which maintained discernable levels of AR for up to 8 h post cycloheximide treatment. Reciprocally, Lyn overexpression prolonged AR half-life compared with Empty vector-transfected controls (Figure 5b, right) .
Based on our previous results showing the requirement for Lyn in maintaining AR protein levels and as AR can be degraded through the proteasome, 20, 21 we then tested whether Lyn protects AR from proteosomal degradation. To do so, siLyn and siCtr LNCaP cells were treated with the proteasome inhibitor MG-132. Our data chaperone Hsp90, which provides stability for ligand-unbound AR. 22, 23 Our data indicated that targeting Lyn kinase by siRNA disrupted the association between AR and Hsp90 and enhanced AR ubiquitination (Figure 5d ). These data suggest that Lyn knockdown results in dissociation of AR from Hsp90, which in turn leads to ubiquitination of unstably-folded AR and its degradation by the proteasome. Taken together, our results show that Lyn not only regulates AR transcriptional activity and nuclear translocation, but it is also required for AR stability at the protein level.
Lyn is required for progression to CRPC in vivo Our initial observations in human tumors and in mice bearing Lyn overexpressing xenografts suggested that Lyn has a role in the progression to CRPC. Moreover, we found that Lyn was required for stabilizing AR protein levels, thereby regulating AR transcriptional activity. As AR activation is a hallmark of CRPC, we finally investigated the effects of Lyn knockdown in our in vivo CRPC xenograft model. Our data showed that as with siRNA treatment, stable Lyn knockdown in LNCaP cells using shRNA (LNCaP sh-Lyn ) resulted in decreased expression of the AR and PSA (Figure 6a ) compared with sh-Ctr (LNCaP sh-Ctr ) cells, further confirming the role of Lyn in AR signaling pathway. As Lyn is upregulated in CRPC patient specimens and Lyn is required for AR stability, we investigated if Lyn knockdown will influence progression to CRPC. We found that that serum PSA was significantly reduced in mice bearing LNCaP sh-Lyn xenografts compared with LNCaP sh-Ctr xenografts (Figure 6b ). This resulted in significant increased time to Figure S6) or tumor volume prior to castration and found that LNCaP sh-Lyn xenografts grew at the same rate as LNCaP sh-Ctr xenografts before castration (Figure 6d ). Together with our in vivo data from mice bearing Lyn overexpressing tumors, these results suggest that Lyn expression is important for activation of the AR-mediated progression in CRPC, by maintaining AR stability and subsequent transcriptional activity.
DISCUSSION
In androgen-dependent tumors, prostate cells proliferate as a result of androgen stimulation. 24 By contrast, during the progression of CRPC, prostate cells increase their sensitivity to the low levels of androgens and reactivation of the AR occurs by a variety of mechanisms, including hyperactivation of oncogenic signaling pathways. As AR activity is a known driver of CRPC, 25, 26 it is essential to identify targeted therapies that may allow AR activation under low androgen conditions. In this work, we have shown that the Lyn tyrosine kinase may be a viable target to prevent AR activity in CRPC. As targeting SFKs is being actively explored for multiple solid tumors, including prostate, 27 our work suggests the utility of Lyn specific therapies in the prevention or treatment of CRPC.
The association of various SFKs with the development of PCa has been shown by different groups and recent reports suggest a distinct role for specific SFKs in the initiation of primary PCa or progression of disease to CRPC. For example, unlike Lyn, Src and Fyn have been reported to have tumorigenic capacity and have roles in PCa disease initiation. 18 Our immuohistochemistry analysis of human tissue specimens demonstrated that whereas expression of Lyn kinase increased more than twofold in CRPC tissue samples compared with PCa hormone naive tumors, its expression did not change from normal to cancer tissue specimens (Figure 1a) . By contrast, whereas Src kinase expression did not significantly increase in CRPC tissue specimens compared with PCa hormone naive tumors, Src expression did significantly increase in cancerous tissue compared with normal prostate tissue (Supplementary Figure S1) . Supporting the hypothesis that Lyn has an important role in the progression of CRPC but not primary cancer (where sensitivity to low androgen conditions is not required), we also demonstrated that stable overexpression of Lyn was sufficient to accelerate progression to CRPC, but not tumor growth or PSA production in the androgen-dependent phase of growth in an LNCaP xenograft model (Figure 2 ). Furthermore, we observed an increase in Lyn expression levels in androgen-independent vs dependent PCa cell lines, especially after androgen withdrawal (Figure 1b) , further suggesting that Lyn is upregulated by androgen deprivation.
Investigations into the mechanism by which CRPC is accelerated by the overexpression of Lyn indicated that Lyn expression directly correlates with AR activity and expression. This was first observed in vivo, where Lyn overexpressing tumors produced significant amounts of PSA in serum and intratumorally compared with control (Figure 2) , which was associated with rapid tumor growth in the CRPC phase. In vitro experiments using Lyn overexpressing and siRNA transfected cells confirmed that Lyn expression was required for AR transactivation of downstream genes (Figure 3 ). This effect on AR transcriptional activity was due to the ability of Lyn to stabilize AR protein by facilitating its interaction with Hsp90, preventing its ubiquitnation and degradation by the proteasome ( Figure 5 ). Finally, we reiterated the importance for Lyn in regulating AR expression and activity, which is required for the development of CRPC In our in vivo experiment, we showed that mice bearing stable Lyn knockdown tumors did not reach serum PSA levels required for castration ( Figure 6 ).
To our knowledge, Lyn is the only known tyrosine kinase that affects the stability of AR at protein levels, whereas other kinases like Src and Ack1, have been reported to regulate AR transcriptional activity via phosphorylation. 8, 9 For example, Ack1 and Src phosphorylate AR, unraveling the molecular basis for interplay between Ack1/AR and Src/AR signaling in the progression of PCa. 8, 9 Activated Ack1 phosphorylates AR on Tyr 267 and Tyr 363 , 9 whereas Src phosphorylates AR on Tyr 534 . 8, 28 In conditions permissive to Src-or Ack-mediated phosphorylation, the stability of AR may not be an issue because of constant presence of ligand or stimulation of other oncogenic pathways, which are known activators of the AR. However, our results suggest that in castrate conditions, lack of ligand requires increased stability of unbound AR, which may be facilitated by Lyn via Hsp90 allowing for its increased activity. This hypothesis is supported by our data showing that overexpression of Lyn is sufficient to increase AR transcriptional activity even in CSS conditions alone (Figure 3) . Moreover, there is precedent in the literature for association between Lyn and Hsp90. For example, in B-cell chronic lymphocytic leukemia cells, Lyn is tightly associated with Hsp90 and cell death after treatment with an Hsp90 inhibitor is associated with dissociation of Lyn from this complex. 29 In addition, the importance of Lyn as a scaffolding protein has been shown in transgenic kinase-dead mutant mice, which have severe perturbations in immune function. 30, 31 In addition to protein stabilization, however, Lyn indeed may also have a role in AR phosphorylation. Thus, Lyn may support sustained AR activity in castrate conditions in PCa through an amplification loop of stabilization combined with increased phosphorylation, a possibility that we are actively investigating.
Collectively, our results demonstrate that Lyn is a critical regulator of AR expression and activity, particularly in androgendeprived conditions. These data strongly support the importance of Lyn in the continued activation of the AR under low-ligand conditions found in CRPC. Importantly, our results underscoring the importance of Lyn, but not Src, in the progression of CRPC suggest a possible mechanism as to why the SFK inhibitor, Dasatinib, failed in clinical trials in CRPC patients. 32 Dasatinib is a notoriously promiscuous inhibitor of SFKs as well as non-kinase targets 33 that has a three times greater specificity for Src than Lyn. 34 This suggests that as our data would predict, targeting Src is ineffective in CRPC patients and that Lyn may not have been a therapeutic target in these failed trials. Thus, our data support ongoing trials using a more Lyn specific inhibitor, such as Bafetinib, 35 which binds Lyn with 100 times greater specificity than to Src, 36 and suggest that such investigations (NCT01215799) may show even more efficacious results than those using broad SFK targeting agents, particularly if sequenced in early onset CRPC.
MATERIALS AND METHODS

Plasmid, reagents and antibodies
Lyn wild-type and empty vector plasmids were generously provided by Dr Yamaguchi (Department of Molecular Cell Biology, Chiba University, Chiba, Japan). 37 siRNA and shRNA plasmids were from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Antibodies for AR (N-20), Lyn (H-6), PSA (C-19), Ubiquitin, Hsp90 and Actin were from Santa Cruz Biotechnology. Antibody for Vinculin was from Sigma Aldrich (Oakville, ON, Canada). Transfection reagents including Lipofectin, Oligofectamine, and OPTI-MEM media were from Life Technologies, Inc., Burlington, ON, Canada. Cell culture reagents including RPMI 1640, fetal bovine serum, CSS were from Life Technologies. R1881 was from PerkinElmer (Woodbridge, ON, Canada). Cycloheximide and MG-132 were from Calbiochem (Billerica, MA, USA).
Cell culture and transfection
LNCaP and C4-2 cells were kindly provided by Dr Leland W.K. Chung (1992, MDACC, Houston, TX, USA) and tested and authenticated by wholegenome and whole-transcriptome sequencing on Illumina Genome Analyzer IIx platform in July 2013. Cells were maintained in RPMI 1640 supplemented with 10% fetal bovine serum. Cells were cultured in a humidified 5% CO 2 /air atmosphere at 37°C. LNCaP cells were stably transfected with Lyn or empty vector control, sh-Lyn or sh-Control as previously described. 38 For siRNA, cells were transiently transfected with 10 nM of siRNA-Lyn or control using oligofectamine transfection reagents in OPTI-MEM media as previously described. 39 For siRNA experiments, cells were changed to media containing 10% fetal bovine serum for 48 h prior to harvest or further experimentation.
Immunohistochemistry
PCa tissue specimens were obtained from Vancouver Prostate Centre Tissue Bank. The H&E slides were reviewed to mark the desired areas and the corresponding paraffin blocks. Three tissue microarrays were manually constructed (Beecher Instruments, Sun Prairie, WI, USA) by punching duplicate cores of 1 mm for each sample. All specimens were from radical prostatectomy except 20 CRPC samples, which were obtained from transurethral resection of the prostate. Immunohistochemical staining was conducted by Ventana autostainer model Discover XT (Ventana Medical System, Tuscan, AZ, USA) with enzyme-labeled biotin streptavidin system and solvent-resistant DAB Map kit using 1:50 dilution of AR (N-20) and 1:10 dilution of Lyn (H-6), and Src antibodies. Specimens were graded from 0 to +3 intensity representing no staining to heavy staining by visual scoring. Automated quantitative image analysis was conducted using proplusimage software.
Western blot analysis and immunoprecipitation
Total proteins were extracted using lysis buffer and immunoprecipitation using 2 μg of AR followed by western blot as previously reported. 20, 39 Quantitative PCR Total RNA was e0xtracted from cells using TRIzol reagent (Life technology). Total RNA (2 μg) was reversed transcribed using MMLV reverse transcriptase and random hexamers (Life technology) as previously reported. 38 Real time monitoring of PCR amplification of cDNA was performed using the following primer pairs and probes Lyn (Hs00176719_m1), AR (Hs00171172_m1), PSA (Hs00426859_g1), FKBP51 (Hs01561006_m1), and GAPDH (Hs03929097_g1) on ABI ViiA 7 Real Time PCR System with TaqMan Gene Expression Master Mix (Applied Biosystems, Burlington, ON, Canada). Target gene expression was normalized to GAPDH levels in respective samples as an internal control. The results represent the quantification of gene expression from three independent experiments with each sample ran in triplicate.
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Immunofluorescence
LNCaP and C4-2 cells were transfected with Lyn siRNA or control siRNA and were treated ± R1881 for 6 h. Cells were fixed and stained with AR as previously reported. 20 Antigen was visualized using anti-rabbit antibody coupled to FITC (fluorescein isothiocyanate). Nuclei were visualized by DAPI fluorescence incorporated in the mounting media (Vectashield, Vector Laboratories, Burlingame, CA, USA). Photomicrographs were taken at × 40 magnification using Zeiss LSM 780 confocal microscope. Results are representative of random pictures taken from three independent experiments.
Luciferase assay
For luciferase reporter assays, PSA luciferase or Probasin luciferase plasmids were transfected as above together with the addition of a control Renilla plasmid (normalized to 2 μg/well) as we previously described. 20 24 h post transfection, media was replaced by CSS ± R1881 for 24 h. Luciferase activities measured using the microplate luminometer (EG&G Berthold, Bad Wildbad, Germany). All experiments were carried out in triplicate.
Chromatin immunoprecipitation
LNCaP cells were plated and treated with Lyn siRNA or scrambled siRNA control, or transfected with Lyn wild-type or Empty vector as described above and were treated with 10 nM of R1881 for 4 h. Cells were then crosslinked with paraformaldehyde and sonicated. Chromatin immunoprecipitation assay was performed using EZ ChIP kit according to the manufacture (Upstate, Lake Placid, NY, USA) on the PSA gene regions ARE I as we previously described. 20 Protein stability and proteasome inhibitor assays LNCaP cells were plated and treated with Lyn siRNA or scrambled siRNA control, or transfected with Lyn wild-type or Empty vector as described above. For protein stability, media was changed 48 h later to RPMI+5% serum containing 10 μM of cycloheximide incubated at 37°C for 2, 4, or 8 h as previously described. 20 For proteasome inhibitor assays, siRNA treated cells were treated with 10 uM MG-132 for 6 h. Total protein was harvested for western blot using AR, Lyn and Vinculin antibodies. or LNCaP sh-ctrl cells. When tumors reached 300 to 500 mm 3 or when serum PSA was 450 ng/ml, mice were castrated. Tumor volume and serum PSA were measured as previously described. 40 All animal procedures were performed according to the guidelines of the Canadian Council on Animal Care.
In vivo experiments
Statistical analysis
All data were analyzed by two-tailed unpaired student's t-test or one-way analysis of variance with post hoc test. Overall survival was analyzed using Kaplan-Meier curves, and statistical significance between the groups was assessed with the log-rank test (GraphPad Prism). The results were reported as mean ± s.d.; and statistical significance were set at ***P o0.0001 and *o0.05.
